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Abstract The analyzing powers for proton elastic scattering (pA → pX) and neutron charge exchange
(nA→ pX) reactions on nuclei have been measured on C, CH, CH2 and Cu targets at incident neutron
momenta 3.0 - 4.2 GeV/c by detecting one charged particle in forward direction. The polarized neutron
measurements are the first of their kind. The experiment was performed using the Nuclotron accelerator in
JINR Dubna, where polarized neutrons and protons were obtained from breakup of a polarized deuteron
beam which has a maximum momentum of 13 GeV/c. The polarimeter ALPOM2 was used to obtain
the analyzing power dependence on the transverse momentum of the final-state nucleon. These data have
been used to estimate the figure of merit of a proposed experiment at Jefferson Laboratory to measure
the recoiling neutron polarization in the quasi-elastic 2H(e, e′n) reaction, which yields information on the
charge and magnetic elastic form factors of the neutron.
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1 Introduction
Polarimetry of nucleons in the GeV region requires the
measurement of the azimuthal distribution resulting from
a secondary scattering of the polarized nucleon in a suit-
able analyzing material. C or CH2 are often used as the
analyzers in proton polarimeters. Analyzing power meas-
urements were made at Saclay [1] (and references therein)
and Dubna [2], using thick analyzers, and as part of a pro-
gram of study of elastic and quasi-elastic dp reactions [3]
up to incident momenta of several GeV/c. New measure-
ments at Dubna will extend the incident momenta up to
7.5 GeV/c [4].
Up to now neutron polarimetry has generally been
based on free elastic np scattering or elastic-like np scat-
tering from nuclei. The kinematic reconstruction of the
scattering process is highly desirable to select the range
of polar scattering angles where the analyzing power is
relatively large. This may be achieved by using an active,
position-sensitive analyzer to detect the recoiling proton
and thus localise the interaction position of the incident
neutron. Alternatively charge-exchange neutron scatter-
ing may be used, where the trajectory of the energetic,
forward-angle proton can be tracked.
In comparison to proton scattering, the analyzing power
Ay for polarized neutron scattering at GeV energies is
poorly known. Analyzing powers for n + p → n + p and
n+ p→ p+n scattering exist only for thin 1H or 2H tar-
gets. Free np scattering is in principle the best analyzer of
neutron polarization, but the use of a hydrogen analyzer
is challenging technically and up to now scattering from
C, CH or CH2 has most commonly been used. However
Ay for elastic-like scattering from nuclei is unknown in
the few-GeV energy range and will be lower than for the
free-scattering case.
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Polarized deuteron beams up to 13 GeV/c momentum,
producing polarized neutron and protons after break-up,
are presently available only at the Nuclotron accelerator in
Dubna. An important upgrade of the accelerator complex
has been recently undertaken [5], as first step of the future
NICA collider [6]. This resulted in a new program by the
ALPOM2 collaboration, with the aim to measure analyz-
ing powers up to the largest available momenta [4]. The
experimental program and the first results with polarized
neutrons are reported here.
These data are particularly important for pursuing
the nucleon electromagnetic form factor measurements at
JLab.
1.1 Proton form factor measurements
The electromagnetic form factors (EMFF) of elastic electron-
Nucleon (eN) scattering are representative of the charge
and the magnetic currents of the nucleons (for recent re-
views on electromagnetic form factors see Refs. [7, 8]).
Early determinations of the EMFF used Rosenbluth
separation of differential cross section measurements [7],
but as electron accelerator technology has developed to
produce high-current, high polarization, continuous-wave
electron beams, the measurement of polarized observables
has become the method of choice. Polarization observables
are especially useful in separating a small amplitude from
an otherwise dominant one and are believed to be relat-
ively insensitive to radiative correction effects.
The use of polarization was first proposed by the Kharkov
school [9, 10] as an alternate method to Rosenbluth sep-
aration to determine the nucleon EMFF from polarized
elastic electron-proton (ep) and electron-neutron (en) scat-
tering (where the neutrons are bound in a deuteron or
3He target). The ratio of the longitudinal to transverse
recoil nucleon polarization in elastic eN scattering, with
longitudinally polarized electrons, is proportional to the
ratio of electric to magnetic form factors, whereas the un-
polarized cross section depends on the squares of form
factors. These types of double-polarization experiments,
denoted, in the following, recoil polarization experiments ,
require the measurement of the polarization of the recoil-
ing nucleon in elastic eN scattering. Experiments of this
type started in the 1990’s (see below) when high-intensity,
highly-polarized, high-duty-cycle electron beams became
available.
Subsequently, the range of the squared four-momentum
transfer, Q2, has been extended at Jefferson Lab (JLab),
using a polarized electron beam of energy up to 5.7 GeV
to measure the four form factors of elastic eN scatter-
ing (electric and magnetic, for proton and neutron, GpE ,
GpM , G
n
E , G
n
M ). Proton data have produced unexpected
and intriguing results. Contrary to the generally accepted
scaling relation that the electric to magnetic form factor
ratio µpG
p
E/G
p
M ∼ 1 (µp = 2.79µN is the proton anomal-
ous magnetic moment) the recoil polarization data show
an approximately linear decrease of this ratio, clearly in-
dicating that the electric and magnetic form factor have
different dependence on Q2, and therefore that the radial
Figure 1: Projections of experimental uncertainties for
future JLab experiment E12-07-109 [18] (filled orange
circles). Also shown for comparison are previous JLab
GpE/G
p
M data for GEp(1), GEp(3), and GEp2γ [11–17].
distributions of charge- and magnetization, are not the
same. This was an unexpected result and the various pa-
pers publishing these results [11–17] have been cited more
than 2000 times.
JLab has recently undergone an energy upgrade, and
is producing polarized beams of energy up to 11 GeV. Ex-
tending the Q2 range of µpG
p
E/G
p
M measurements should
determine if the ratio does cross zero, as suggested by the
existing data, while for µnGnE/G
n
M a completely virgin
territory will be explored. With an increase in Q2 the mo-
mentum of the recoiling nucleon also increases. Approval
of the most recently publishedGpE/G
p
M experiment [16] re-
lied heavily on measurements previously made at Dubna
[2], which showed that the proton analyzing power at high
momentum is sufficiently high to obtain a good precision
for the EMFF ratio. Therefore the extension of the analyz-
ing power data base to higher nucleon momenta is urgently
needed, both for protons and, more critically, for neutrons
where multi-GeV/c data is extremely limited. The status
and the planned experiments for nucleon EMFF are briefly
reviewed here.
Experiment E12-07-109 [18] will measure the proton
form factor ratio up to Q2 = 12 (GeV/c)2, and a pro-
jection of the achievable precision is displayed in Fig. 1.
To achieve this, a high luminosity of 1039 cm−2s−1 and a
large acceptance detector are necessary. The electron arm
will consist in a Pb-Glass calorimeter, while the proton
recoil polarimeter will be part of the Super Bigbite Spec-
trometer (SBS) spectrometer. The SBS is equipped with
a large-aperture dipole magnet of 1.7 Tm integrated field
strength, two 60 cm CH2 analyzer blocks, ten planes of
GEM chambers for proton tracking before and after the
analyzers and a hadron calorimeter to select energetic pro-
tons in the experimental trigger.
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Figure 2: The future data points proposed for recoil po-
larization GnE/G
n
M experiments at JLab [19, 20], and the
JLab polarized 3He experiment [21]. Also shown are the
data from Becker (filled green diamonds) [22], Eden (filled
blue squares) [23], Glazier (red diamonds with internal +)
[24], Golak (empty green diamonds) [25], Herberg (empty
red triangles) [26], Meyerhof (filled green stars) [27], Os-
trick (filled red diamonds) [28], and Passchier (filled red
circles) [29].
1.2 Neutron Form factor measurements
Measurements of neutron elastic form factors generally use
quasi-elastic (e, e′n) scattering from the neutron embed-
ded in a 2H or 3He target, where the scattered electron
and recoiling neutron are detected in coincidence. Quasi-
elastic scattering is separated from inelastic processes on
the basis of the measured electron momentum and the
angular correlation of the e′ and n.
The first recoil polarization measurement of GnE/G
n
M
was made at Bates Laboratory [23], but the achieved pre-
cision was limited, mainly due to lack of a Continuous
Wave (CW) electron beam. Following on from this, a po-
larized CW 855 MeV electron beam became available at
the MAMI accelerator in Mainz and a series of recoil po-
larization measurements were made with an unpolarized,
liquid D2 target [26, 28], in parallel with measurements
using a polarized 3He target. Subsequent measurements
at MAMI were made in the A1 spectrometer hall [24] us-
ing a high resolution magnetic spectrometer to detect the
e′ and a more compact plastic-scintillator, neutron polar-
imeter. At MAMI, recoil polarization measurements ex-
tended to Q2 = 0.8 (GeV/c)2, where Q2 is limited by
the maximum electron beam energy (currently 1.6 GeV).
In JLab Hall-C, using the 6 GeV CEBAF accelerator,
recoil polarization measurements extended up to Q2 =
1.45 (GeV/c)2 [30, 31]. Using a polarized 3He target in
Hall-A [32], a maximum value of Q2 = 3.4 (GeV/c)2 was
achieved.
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Figure 3: The dependence of the maximum of AY on the
inverse of plab, the momentum of the proton entering the
polarimeter in the laboratory system. Black circles: ANL
d(p, p′)n data [33, 34]; black line: linear fit. Red squares:
ANL d(p, n)p data [1, 36] ; red line: linear fit. Blue tri-
angles [2]: p+CH2 → charged+X; blue line: linear fit [2].
Green squares [1] and circles [36]: p+C → charged + X;
green line: linear fit [2].
Two new recoil polarization measurements of GnE/G
n
M
have been proposed to run at the upgraded 11 GeV CE-
BAF accelerator. The first follows on from the previous
Hall-C experiments [19], while the second in Hall-A [20]
proposes a polarimeter to measure charge-exchange neut-
ron scattering from Cu. The present charge exchange res-
ults, used to estimate (see below) the figure of merit of
the polarimeter and hence the obtainable experimental
precision, played a crucial role in the approval of this new
polarimetry technique for E12-17-004.
1.3 Polarimetry in the GeV region
The information on polarized nucleon scattering for in-
cident momenta plab ≥ 1.5 GeV/c (Fig. 3) comes from a
number of sources. Measurements of the asymmetries of
the d(p, p′)n and d(p, n)p processes have been performed
in the 1970s up to an incident momentum of 11 GeV/c
[33, 34]. The d(p, p′)n data are consistent with elastic
p + p → p + p measurements [35] so that these experi-
ments are equivalent to free polarized pp and pn scatter-
ing. Inclusive measurements of p+CH2 → p+X [2], and
p+ C → p+X have been obtained for the calibration of
proton polarimeters used at ANL, JINR Dubna and JLab
[1, 36].
The data displayed in Fig. 3 show an approximately
linear dependence of the maximum value of the angle de-
pendent analyzing power, Amaxy , on 1/plab, but there is
a significant negative offset of the pn data with respect
to pp. There is a factor of two reduction in the analyz-
ing power of p +12C with respect to free pp scattering,
but to our knowledge there are no data on polarized np
scattering from nuclei in the multi-GeV energy domain.
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Figure 4: Top: t-dependence of the polarisation of np scat-
tering for different values of plab [33, 34]. The smooth dot-
ted lines show the fit of Ref. [37] to the np data. Bottom:
the t dependence of charge-exchange np scattering for dif-
ferent values of plab [38, 39]. The color coding relates the
data to momentum labels.
Measurements of the asymmetries of polarized charge
exchange n + p → p + X scattering, displayed in Fig.
4 up to 11 GeV/c, have also been made at ANL in the
1970s [38, 39]. While the np (equivalent to pn) polarization
is strongly dependent on the incident nucleon momentum
plab, charge-exchange np displays no apparent (given the
spread in the data) strong dependence of Ay on plab.
The performance of a polarimeter is usually expressed
in terms of the figure of merit (FOM), defined as:
F 2(pn) =
∫
(pn, θ
′
n)A
2
y(pn, θ
′
n)dθ
′
n (1)
where pn is the incident momentum, θ
′
n is the nucleon
scattering angle,  is the detection efficiency and Ay is
the effective analyzing power of the polarimeter. FOM
estimates have been calculated over a range of plab for
two polarimeter configurations (Fig. 5) employing either
charge-exchange or elastic np scattering and are shown in
Fig. 6.
Elastic-like pp scattering from nuclei is observed to
have a factor-two reduction in Ay, compared to the free
elastic pp. For np, the same reduction factor is consistent
with the polarimeter analyzing power obtained in a pre-
vious JLab measurement of GnE/G
n
M [19] at 1.45 GeV/c
and is assumed for nC scattering. The value of Ay for
free elastic np scattering has been calculated from a fit to
the pn data [37]. For charge-exchange np scattering from
Cu, Ay was taken from a preliminary analysis of the new
data described in this paper. This analysis has given the
dependence of Ay on pt = plab sin θnp at an incident mo-
mentum of 3.75 GeV/c. Ay is dependent on pt, but has
been assumed independent of plab, in a manner consistent
with the free charge-exchange np data.
Polarimeter efficiencies have been calculated using Geant-
4-based Monte Carlo (MC) simulations of different polar-
imeter configurations (Fig. 5) that record the differential
detection efficiency as a function of scattering angle, after
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Figure 5: Neutron polarimeter configurations considered
in the simulations- Polarimeter A for charge exchange re-
actions (top); Polarimeter B for elastic scattering (bot-
tom)
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Figure 6: Neutron polarimeter figure of merit as a function
of incident neutron momentum for the two polarimeter
configurations of Fig. 5. Blue squares: standard np scat-
tering from CH scintillator (Polarimeter B), black circles:
charge-exchange np scattering from Cu (Polarimeter A).
selection of energy and angle ranges in a manner analag-
ous to a real experiment. Calculations have been made for
two versions of the polarimeter, compatible with possible
experimental configurations at JLab.
1. The polarimeter uses a passive Cu analyzer with forward-
angle, charge-exchange proton detection by GEM track-
ers and hadron calorimeter (A).
2. The polarimeter employs an active position sensitive
CH (plastic-scintillator) analyser with forward-angle
neutron detection by the hadron calorimeter (B).
At neutron momenta above ∼ 3.5 GeV/c, the FOM of
charge-exchange np starts to dominate standard np and by
∼ 6 GeV/c it is projected to be a factor ∼ 15 larger. These
calculations suggest strongly that polarimetry by charge-
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exchange scattering is the technique which will allow recoil
polarization GnE/G
n
M to approach Q
2 ∼ 10 (GeV/c)2.
2 The ALPOM2 experiment
2.1 The beam production
ALPOM2 is placed at the beam line ’1v’ of the Nuclo-
tron accelerator facility, at the Veksler Baldin Laboratory
for High Energy Physics (VBLHEP) of the Joint Institute
for Nuclear Research in Dubna. This beam line was used
previously for several experiments using (polarized) neut-
ron beams [40], such as the measurement of the ∆σ(n↑p↑)
total cross section difference [41].
The polarized deuteron source is provided by the Source
of Polarized Ions (SPI), which is a JINR and INR RAS
development of the CIPOS source [42] formerly employed
at the Indiana University Cyclotron Facility. SPI is an
atomic beam polarized ion source with a plasma (H,D)
charge-exchange ionizer and a storage cell in the ioniza-
tion region The ions are preaccelerated to 100-150 keV in
the LU-20 injector, and then accelerated by the Nuclo-
tron [43].
The SPI operates either in polarized or unpolarized
mode, following the principle to polarize particles through
adiabatic transitions between two hyperfine structure levels,
as established by A. Abragam [44].
The deuteron beam, extracted over a period of 5 s
was incident on a 30(25) cm thick C(CH2) target where
the deuteron was fragmented into a proton and a neut-
ron. Experiments on polarization transfer from deuteron
to proton in break-up reactions showed that the proton
(and therefore the neutron) polarization is equal to the
polarization of the primary deuteron beam and constant
when the internal momenta of the nucleons inside the deu-
teron q ≤ 0.15 GeV/c [3]. Thus, it is possible to produce
polarized nucleons with momenta higher than half of the
incident deuteron momentum. Deuterons with momentum
of 12-13 GeV/c, may produce protons of momentum up to
7.5 GeV/c with a polarization equal to that of the incident
deuterons. However, the largest cross section is obtained
by selecting secondary nucleons corresponding to q=0.
In case of neutron beams, protons and deuterons were
removed from the neutron beam by a dipole magnet. Neut-
ron angles close to zero degrees were selected by a 6 m long
collimator made of iron and brass located 13.4 m upstream
from the ALPOM2 set-up. The collimators and shielding
of the experimental area decreased the low energy tail of
the neutron spectrum to about 1% of the peak value. By
setting the primary deuteron beam intensity in the range
1− 3× 108 particles/spill, the average number of protons
or neutrons incident on the polarimeter target was kept
at the level of 4× 104 per spill. The length of the spill de-
pends on the primary beam intensity and in the present
case was of the order of a few seconds. More details on
the operation of the neutron beam line can be found in
Refs. [40, 45]. The polarization of the incident deuterons
was oriented downwards, along the vertical axis, perpen-
dicular to the beam momentum. The polarization of the
produced nucleons (n or p) keeps the same direction.
2.2 Beam polarimetry
The accurate measurement of the beam polarization is
crucial to the extraction of the analyzing power in AL-
POM2, as the beam-polarization uncertainty is the main
source of the systematic error on the analyzing power.
The polarized beam was tagged with its three polariza-
tion states, down (plus, ’+’, Pz = +1, Pzz = +1), up
(minus, ’-’, Pz = −1/3, Pzz = 0), and unpolarized (zero,
’0’), where the state is changed after each spill.
The beam polarimeter, denominated F3 as it is loc-
ated at the focus F3 of the extracted beam line, is based
on quasielastic pp scattering, where analyzing powers are
known from previous measurements [46]. F3 has an ioniz-
ation chamber (IC) as a beam intensity monitor for nor-
malization, and four arms, forward and recoil, left and
right. Each arm has three sets of scintillator counters at
forward angle θ ' 8◦, 9◦, and 10.5◦, for momenta 4.2,
3.75 and 3 GeV/c, respectively, and a bigger scintillator
at backward angle θ ' 60◦ for the recoil particle. The co-
incidence between forward and recoil arms (left and right)
and the IC counts was collected, spill by spill, by the data
acquisition system.
The beam polarization was constantly monitored and
the stability of the beam was excellent, with polarimeter
asymmetry fluctuations not exceeding 2%.
2.3 The ALPOM2 setup
ALPOM2 represents an upgrade of the ALPOM polari-
meter [2], which in turn is based on the POMME polari-
meter employed at Saturne [47]. A schematic view of the
ALPOM2 geometry is shown in Figure 7, with the pro-
ton/neutron beam travelling along the z-axis, in the lon-
gitudinal direction. The main components consisted of:
– fast plastic scintillator counters (S0, S1, S3, S4 and
optionally AT1-AT6) for triggering purposes;
– drift chambers (DC0, DC1, DC2) for charged particle
tracking;
– a segmented hadron calorimeter for energy and posi-
tion measurements of the outgoing particles;
– the polarimeter analyzer (C, CH, CH2, Cu), where
Fig. 7 shows the segmented CH scintillator analyzer
(AT1-AT6).
– two neutron beam monitors located after the collim-
ator are not shown [48].
Several different materials were tested as polarimeter
targets (Table 1), to measure and compare their analyzing
powers. These analyzers included C, CH2, Cu as well as
a CH active target with six elements (AT1 -AT6). The
downstream face of the analyzer block was located 10 cm
before DC1. The energy deposit in the hadron calorimeter
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Figure 7: Side view schematic of the ALPOM2 set up positioned on the secondary proton/neutron beam line, including:
scintillation counters (S0, S1, S3, S4); drift chambers (DC0, DC1, DC2); Hadron Calorimeter. The analyzing targets
were located between DC0 and DC1. Here a CH active target (AT1 -AT6), is shown as an example. Dimensions are
in mm. Θ indicates the origin of the z coordinate.
Table 1: Target material, density and length
Target CH2 CH C Cu
Density [g/cm3] 0.919 1.06 1.68 8.96
Length [cm] 30 30 20 4
was used to select high energy particles from the elastic-
like events of interest, for example p+CH2 → p+X, thus
reducing contamination from inelastic scattering which
produces lower-energy final-state hadrons. In addition it
gave position information, which could be correlated with
drift-chamber tracks.
The proton polarimeter used S0 and S1 to provide a
trigger signal; drift chambers DC0, DC1 and DC2; C, CH2
and Cu targets; the hadron calorimeter; while the neut-
ron polarimeter used S3 and S4 to provide a trigger; drift
chambers DC1 and DC2; CH, CH2 and Cu targets; the
hadron calorimeter. Where the active CH-scintillator ana-
lyzer was employed, it was also included in the trigger sys-
tem. Further details on each component of the set up are
given below.
The scintillation counters were used to generate the
trigger for the readout of data from all detectors in the
set up. Coincident hits from S0 (dimensions 200 × 200 ×
10 cm) and S1 (dimensions 73 × 73 × 5 mm) were used
to trigger on incident protons, during proton polarimetry
measurements, whereas S3 and S4 (dimensions 240×240×
20 mm), located downstream from the target were used
in coincidence for triggering during neutron polarimetry
measurements.
The drift chambers were used to reconstruct primary
and secondary charged particle tracks and are described
in detail in Ref. [49]. Here we summarize their properties.
All chambers contain an (Ar2CH4) gas mixture and have
alternating, orthogonal X and Y coordinate planes. DC0,
of dimensions 12.5× 12.5 cm, was located upstream from
the target and has 8 planes (4X, 4Y). DC1 and DC2 have
dimensions 25×25 cm and were located downstream of the
target. DC1 has 8 planes (4X,4Y) while DC2 has 4 planes
(2X,2Y). Corrections for misalignments were performed
prior to track reconstructions. To reconstruct a track, hits
in at least three chamber planes were required. The hit-
position uncertainty provided by the chambers was < 100
µm, which produced an angular resolution better than 0.4
mrad, and the reconstruction efficiency for charged tracks
was close to 100%.
With proton beams, primary and scattered charged
particle tracks were reconstructed using all drift cham-
bers, while for neutron measurements primary signals were
absent in DC0. Both protons and neutrons, incident on a
nucleus, can produce multiple, charged, final-state particles
and indeed some of the registered events have two or more
hits in DC1 and DC2. A "clean" neutron charge exchange
produces one energetic forward proton.
Examples of the proton and neutron beam profiles, as
reconstructed by the chambers are shown in Fig. 8. The
profile is given by the drift chambers that detect directly
the proton beam, while, in the case of neutron beam, drift
chambers detect charged particles generated from the in-
teraction of the neutron beam in the target.
The hadron calorimeter, located at the downstream
end of the polarimeter increased the fraction of useful,
elastic-like events selected. Examples of the hadron calor-
imeter response, from protons incident on a CH2 target,
are given in Fig. 9. The response has been sorted into four
categories: no interaction with the target (NI); no final-
state charged particle (1 → 0); one final-state charged
particle (1→ 1); two final-state charged particles (1→ 2).
The 1→ 1 category is the selected one to obtain the ana-
lyzing power.
It is separated from the NI category on the basis of
the angle between incoming and outgoing tracks, which is
chosen to be > 1.7◦ to exclude multiple Coulomb scatter-
ing.
In the case of a neutron beam making a charge ex-
change in the target, the events of interest are no incident
charged and one final-state charged particle (0→ 1).
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Figure 8: Neutron (left) and proton (right) beam profiles in the transverse X-Y plane, as recorded by the drift chambers,
for 3.75GeV/c momentum and before a 30 cm long CH2 target.
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Figure 9: Summed calorimeter energy deposit for different processes induced on a CH2 target by protons of momentum
3.75 GeV/c (left) and 6.0 GeV/c (right).
When the proton beam momentum increases from 3.75
GeV/c to 6 GeV/c, the proportion of 1 → 1 events de-
creases dramatically. Other processes, such as NI or 1→
2, are enhanced relative to 1 → 1 which decreases the
scattering asymmetry if they are not excluded. Neutron
induced reactions are expected to have a similar behavior
when the beam momentum increases. Placing a threshold
on the summed energy deposit of the hadron calorimeter
helps to identify the useful reactions. This is shown in Fig.
9, where the number of events corresponding to each type
is shown as a function of the sum of the energy deposited in
the calorimeter, at 3.75 GeV/c (left) and 6.0 GeV/c (right)
for a CH2 target. The ability of the hadron calorimeter to
select high-energy nucleons will be extremely important to
the forthcoming JLab EMFF experiments [18, 20], which
will operate at very high luminosity, where the electron
beam will generate a huge flux of low-momentum back-
ground. The hadron calorimeter will provide the primary
trigger for the nucleon arm of these experiments and the
selection of high momentum particles through their en-
ergy deposit will be vital for suppressing soft background
in the polarimeter. Furthermore it will help to select nucle-
ons produced at forward angles where the analyzing power
will be largest.
The hadron calorimeter, built in Dubna for the COM-
PASS experiment at CERN [50, 51], is a sampling calori-
meter composed of alternating plates of plastic scintillator
and iron or lead. The iron/lead provides most of the stop-
ping power for energetic hadrons, so that the incident en-
ergy is totally absorbed in a thickness less than 1 m. As
used in ALPOM2, it comprises 28 elements (Fig. 10). Four
bars with dimensions 75 × 75mm, were used in the cent-
ral region, at smaller scattering angles and where higher
count rates were experienced, whereas at larger scatter-
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Figure 10: View of the different bars of the hadron calorimeter used in the ALPOM2 set up. The different bar
compositions are noted at the side.
Table 2: The peak energy deposit (channel) and the peak
width (FWHM) are given for a proton beam on a CH2
target and for a neutron beam on an active target (CH),
after the hadron calorimeter calibration with cosmic rays.
Particle Momentum T Energy Width
[GeV/c] [GeV] [channel] [channel]
proton 3.00 2.205 7300 3400
proton 4.20 3.365 11100 4700
proton 3.75 2.927 10000 4500
neutron 3.75 2.926 9700 4600
ing angles, 24 bars with dimensions of 150× 150mm were
used.
As shown in Fig. 10, different bars have different ar-
rangements of iron (Fe), lead (Pb) and scintillator (Sc)
that was 10 mm thicker in comparison with the original
COMPASS bar. The azimuthal angle selection, determ-
ined by the segmentation of the calorimeter and subsequently
used in presentations of asymmetries, is given in Fig. 11.
The response of all calorimeter bars and their asso-
ciated electronics was calibrated in dedicated cosmic-ray
runs, where the hadron calorimeter was rotated by 90 de-
grees so that the bars were aligned vertically. A further
calibration, with the calorimeter in standard alignment,
were performed with the proton beam. The results are
shown in Table 2 and in Fig. 12.
2.4 Readout and Data Acquisition
Signals from the detectors were first shaped and processed
by a combination of custom made front-end electronics,
and subsequently readout via a VMEbus data acquisition
(DAQ) system. The DAQ controlled data readout from
Figure 11: Azimuthal angles corresponding to the central
points of the hadron calorimeter bars.
several VMEbus modules, including a trigger control mod-
ule, a multi-hit scaler, multi-hit time-to-digital converters
(TDCs), and time and charge waveform sampling digit-
izers (TQDCs). The DAQ electronics, online software and
modules were developed by the AFI electronic group of
JINR [49].
The TDCs were used to record signal times from the
drift chambers, scintillation counters and a flag giving
the polarisation state of the deuteron beam, whereas, the
TQDCs were used to record signal timing and amplitude
from the hadron calorimeter and active CH analyzer. Time
resolution of 100 ps was provided by the TDC and TQDC
modules.
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Figure 12: Hadron calorimeter summed energy deposit vs. particle angle for a) n+C, b) n+Cu, c) n+CH2, and d)
p+ CH2. In subfigure d) the events corresponding to the unscattered beam are removed by a small angle cut.
3 Data Analysis and results
In Fig. 13, the left-right asymmetries from the F3 polari-
meter for each state of beam polarization are displayed as
a function of the run number, together with lines denoting
the mean values. This demonstrates the excellent stabil-
ity of the beam polarization throughout the data taking,
as well as a small difference between the asymmetries ob-
tained in the different polarization modes.
The results on analyzing powers given here are based
on the following values of the polarization:
(P−, P+) = (0.302, 0.590) for the runs in November
2016 and
(P−, P+) = (0.434, 0.525) for the runs in February
2017.
The analysis procedure is described as follows. Ingo-
ing and outgoing trajectories were reconstructed from the
drift chambers, the azimuthal and polar angles calculated
and their histograms built for each polarization state of
the beam. The results are plotted as functions of the trans-
verse momentum pt = plab sin θ, that may be related ap-
proximately to the Mandelstam variable t, by pt '
√−t.
The considered process not being completely elastic, the
40 60 80 100 120 140
0,00
0,05
0,10
0,15
 
 
| |
Run number
Figure 13: Left-right asymmetry from F3, for each polar-
ization state as a function of the run number during the
data taking.
variable t is not directly related to the momentum trans-
ferred to the system.
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3.1 Nucleon Yield Distributions
The nucleon yield distributions as a function of p2t are
displayed in Fig. 15, for p + CH2 scattering and in Fig.
14, for n + C scattering at momentum 3.75 GeV/c. The
analysis has been limited to the kinematic region pt < 0.4
GeV/c in order to avoid the very large corrections where
the acceptance of the polarimeter is low. These distribu-
tions are the convolution of physical processes and finite
resolution effects of the detection system. The differential
cross section for elastic nucleon scattering in the GeV re-
gion is in general well described by a sum of t-dependent
exponentials:
dσ
dt
=
∑
i
ci exp(bit).
Thus, in the p2t representation, a satisfactory description of
the data in terms of a similar exponential sum is expected:
dσ
dp2t
=
∑
i
ci exp(−bip2t ).
where the parameters bi and ci were determined from fits
to the distributions of Fig. 14 with the help of the software
package FUMILI [52].
0,0 0,1 0,2 0,3 0,4
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N
Figure 14: p2t -distribution for n + C scattering events at
3.75 GeV/c (arbitrary units). The solid line is the sum of ex-
ponential functions, the dot-dot-dashed and the dot-dashed
lines correspond respectively to the two contributions with
slope parameters b1 and b2.
Early studies of np elastic scattering have been made
at energies below 6 GeV [46, 53] and in the range 5 to 30
GeV [54]. They show that np cross sections are similar to
pp cross section, with similar slopes, which implies that
the interaction radii are similar. The np system shows a
shrinkage of the diffraction peak with increasing energy.
The pt-distribution for n+C scattering at 3.75 GeV/c
is presented in Fig. 14. The distribution is described by the
sum of two exponential functions with slope parameters
0,1 0,2 0,3 0,4
104
105
106
107
N
pt
2 , (GeV/c)2
Figure 15: p2t -distribution for p+CH2 scattering events at
3.75 GeV/c (arbitrary units). The solid line is the sum of
exponential functions, the long dashed and the dot-dashed
lines correspond to the two contributions with slope para-
meters b′2 and b′3, respectively.
b1 = 24.5 (GeV/c)−2 and b2 = 3.2 (GeV/c)−2. To our
knowledge there is no previous data to compare with the
present n+ C slopes.
The p2t distribution for p + CH2 scattering at 3.75
GeV/c is described by the sum of three exponential func-
tions. The first, whose form is related to multiple, small-
angle Coulomb scattering convoluted with the experimental
angular resolution, is not shown in Fig. 15. The slope para-
meter for the second function is b′2 = 71.3±0.2 (GeV/c)−2,
which is close to the slope parameter for p+C elastic scat-
tering, previously determined to be 69±4 (GeV/c)−2 [55].
The third component has b′3 = 7.4± 0.1 (GeV/c)−2, that
is close to the slope of pp elastic scattering, which varies
between 7 and 8.
3.2 Analyzing powers
The number of events detected in a unit solid angle around
the direction of the scattered particle, for beam polariza-
tion states “+" and “-", N±(θ, φ), is:
N±(θ, φ) = N±0 (θ)(1± P±Ay(θ) cosφ). (2)
The beam polarization did not have the same value in the
two states, i.e., P+ 6= P−. N±0 is the number of events for
unpolarized beam, where the superscript ± indicates that
the beam intensity was different in the two polarization
states, requiring a different normalization, α = N−0 /N
+
0 .
Instead of θ, the variable pt is preferred. The asymmetry
ε and its error are derived for each pt beam, from a linear
fit in cosφ using the following formulae:
ε(pt, φ) =
N+(pt, φ)− αN−(pt, φ)
N+(pt, φ)P− + αN−(pt, φ)P+
= Ay(pt) cosφ.
(3)
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In this way we also cancel experimental asymmetries, due,
for example, to apparatus or beam misalignment, that are
present for all beam polarization states. The related stat-
istical error is derived by propagating the errors on N±
and P±.
The main source of systematic error on the analyzing
power comes from the precision with which the beam po-
larization is known.
The present analyzing powers for p + CH2 at 3.75
GeV/c momentum (solid circles in Fig. 16) are consistent
with previous data obtained at 3, 3.8 and 4.2 GeV/c [2].
All displayed data follow a similar pt dependence and show
a systematic decrease of Ay with increasing incident mo-
mentum.
0,0 0,2 0,4 0,6 0,8 1,0
0,00
0,04
0,08
0,12
0,16
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Figure 16: Ay for p + CH2 → p + X at beam mo-
mentum 3.75 GeV/c (solid circles), measured in this exper-
iment, compared to previous data from Ref. [2] at beam
momentum 3.0 GeV/c (solid squares), 3.8 GeV/c (open
circles) and 4.2 GeV/c (solid lozenges). The lines repres-
ent eye guides through the data points.
The scattering asymmetry can be derived independ-
ently from the angle information given both by DC1, DC2
and by the hadron calorimeter. In order to check the reli-
ability of the analysis based on drift chambers we also re-
constructed the asymmetry from the hadron calorimeter,
without the central four small bars, although with coarser
granularity in the azimuthal angle. The results for p +
CH2 at 3.0 GeV/c momentum are shown in Fig. 17 (filled
squares). They are compared to the DC1, DC2 analysis
averaged over polar angles 0.03 ≤ θ ≤ 0.24 rad (empty
circles). The averaging produces a maximum value of Ay
that is slightly smaller than the corresponding maximum
in Fig. 16.
Ay for the n + CH2 charge exchange reaction (one
final-state, charged particle is detected) is shown in Fig.
18 (top) at different momenta and in Fig. 18 (bottom)
for different polarimeter targets. Ay appears to decrease
slightly with increasing neutron momentum, but the effect
is much weaker than in p+ CH2 scattering. The depend-
ence of Ay on target material is very weak and there is no
significant difference between data on C, CH, CH2 and
Cu.
-3 -2 -1 0 1 2 3
-0,15
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Figure 17: Ay for p + CH2 scattering at a momentum
3.0 GeV/c determined from the hadron calorimeter (filled
black squares), compared to averaged values determined
from the tracks (empty circles).
Charge exchange can also be studied for the process
p + CH2 → n + X, where neutral particles are detected
with the condition that no charged track is recorded in
DC1, DC2, but there is a suitably high energy deposit in
the hadron calorimeter, from the interaction of a forward
neutron. The values of Ay are similar to those obtained
with a neutron beam and, contrary to the p+CH2 → p+X
scattering case, there is little appreciable dependence of
Ay upon the the incident momentum.
For the first time, data were taken with 3.75 GeV/c
polarized protons and neutrons incident on a Cu target,
detecting a forward-emitted charged particle. Fig. 19 com-
pares Ay for charge-exchange n+Cu→ p+X with the one
for quasi-elastic p+Cu→ p+X. Where no threshold has
been placed on the energy deposit from the hadron calor-
imeter, Ay for p+ Cu is roughly double that for n+ Cu.
However, after selection of events with hadron calorimeter
energy deposit greater than 6000 [channels], Ay for n+Cu
increases by a factor ∼ 2, while the increase for p+Cu is
∼ 1.3.
4 Conclusions
Analyzing powers for polarized protons and neutrons scat-
tering on C, CH, CH2 and Cu targets were measured
at nucleon momenta from 3.0 to 4.2 GeV/c by the AL-
POM2 polarimeter at JINR Dubna. The unique polarized
deuteron beam from the Nuclotron accelerator, which has
a maximum momentum of 13 GeV/c, has been used to
produce both polarized protons and (for the first time)
polarized neutrons.
Analyzing powers have been obtained for elastic-like
proton scattering and charge-exchange neutron scattering,
both of which entail detection of a single, forward charged
particle. Selection of high energy particles, using energy
deposit in the calorimeter, is found to boost the analyz-
ing power by a factor ∼ 2 in the neutron case and ∼ 1.3
in the proton case. Analyzing powers have also been ob-
tained for charge-exchange proton scattering, yielding val-
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Figure 18: Ay as a function of pt: (top) for n+CH2 scatter-
ing at neutron different momenta: 3 GeV/c (solid circles),
3.75 GeV/c (solid squares), 4.2 GeV/c (open circles)- the
lines represent eye guides through the data points; (bot-
tom) for 3.75 GeV/c incident neutrons on different polari-
meter targets: on CH2 (solid squares), CH (open circles),
C (open squares), and Cu (solid circles).
ues which are very similar to the neutron charge-exchange
case. The measured analyzer materials include C, CH,
CH2,and Cu, and show that Ay in the multi-GeV/c do-
main is essentially the same for light and heavy nuclei. A
heavy nucleus analyzer has the advantage of being much
more compact for a given effective thickness of material.
Two polarimeter features, namely: the implementation
of a calorimeter for the selection of high-energy, final-state
nucleons, and the replacement of a hydrogen-rich light tar-
get by heavier nuclei, open the way to simpler and more ef-
fective polarization measurements for proton and neutrons
in the GeV region. Future experiments at JLab, requiring
recoil-nucleon polarimetry, have already integrated these
concepts, as in the case of experiments E12-07-109 [18]
and E12-17-004 [20].
These polarimetry concepts have also a range of ap-
plications at JINR. The inverse reaction p+Cu (or W )→
n + X, with neutron detection in the forward direction
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Figure 19: pt dependence of Ay for quasi-elastic p+Cu→
p+X as solid squares(open squares) and charge-exchange
n+Cu→ p+X as open squares(open circles), for incident
p and n momentum of 3.75 GeV/c before (after) selection
of events with large energy deposit (> 6000 [channels]) in
the calorimeter. The lines represent eye guides through the
data points for n+ Cu→ p+X before selection (dashed
line) and after selection(solid line).
by a hadron calorimeter, can be used for measurement
of the proton polarization at the NICA collider. Spin ef-
fects in hadronic and heavy-ion collisions may be studied
at NICA, using non-polarized, longitudinally and trans-
versally polarized beams, constituting a consistent spin
physics program [56].
5 Appendix: Calculation of the analyzing
powers
The calculation of analyzing power is based on the ana-
lysis of the two (ϕ, pt)-plots corresponding to the two dif-
ferent polarization modes. We denote the bin values as
Nij(1), Nij(2), where the first index, ′i′, is related to ϕ
and the second one, ′j′, is related to pt.
The values of the vector analyzing power bj are ob-
tained from fit that minimizes the following quantity:∑
i,j
(
Rij − bjf(ϕ)i
∆Rij
)2
, (4)
with
Rij =
Nij(2)− C ·Nij(1)
C ·Nij(1)P (2) +Nij(2)P (1) , (5)
∆Rij =
√
Nij(1)Nij(2)
[Nij(1) +Nij(2)]3
· 2|P (2) + P (1)| , (6)
where P (k) refers to the beam polarization, k = 1, 2 relates
to the polarization mode, and
C =
I[P (2)]
I[P (1)]
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is the ratio of intensities (I) in the different polarization
modes.
The fit is not equivalent to a number of j independent
fits: ∑
i
(
Rij − bjf(ϕ)i
∆Rij
)2
= min, (7)
because the parameter C is common for all j and can
be taken as a free parameter. Such a fit provides reliable
results due to the small correlation existing between C
and bj in Eqs. 4 and 5 (< 0.5%).
This program is included into the latest FUMILIM
package, Ref. [57].
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